INTRODUCTION
Stem cells have the remarkable ability to continuously maintain a stem cell population (self-renew) while generating differentiating progeny. One important means to regulate such robust behavior of stem cells is through asymmetric cell division, which generates one daughter retaining the stem cell identity and the other committed to differentiation. Dysregulation of this process has been implicated in human diseases ranging from dysplasia to cancer (Knoblich, 2010; Yong and Yan, 2011) .
Asymmetric cell divisions of progenitor/stem cells have been extensively characterized in invertebrates. These studies have identified a set of intrinsic polarity regulators, which function to ensure proper segregation of cell fate determinants into two daughter cells (Doe, 2008; Guo and Kemphues, 1996; Knoblich, 2010; Lu et al., 2000) . Compared to these advances, much less is understood about the regulation of asymmetric cell division and subsequent daughter cell fate choice in vertebrates. Despite that conserved counterparts to the invertebrate genes are found in vertebrates, the function of these proteins is only beginning to be elucidated (Doe, 2008; Gö tz and Huttner, 2005; Knoblich, 2010; Williams et al., 2011) . Available data suggest that vertebrates may deploy these factors in new and different ways that remain enigmatic.
Radial glia in the developing vertebrate central nervous system (CNS) have stem cell-like properties (Gö tz and Huttner, 2005; Kriegstein and Alvarez-Buylla, 2009; Malatesta et al., 2000; Miyata et al., 2001; Noctor et al., 2001; Temple, 2001) . Previous studies in mammals (Bultje et al., 2009; Cayouette et al., 2001; Chenn and McConnell, 1995; Miyata et al., 2001 Miyata et al., , 2004 Noctor et al., 2004) and zebrafish (Alexandre et al., 2010; Baye and Link, 2007; Das et al., 2003) show that during the peak phase of neurogenesis, radial glia progenitors predominantly undergo asymmetric divisions, serving as an excellent model for understanding how asymmetric cell division, self-renewal, and differentiation are regulated in vertebrate stem cells.
An interesting behavior that vertebrate radial glia progenitors display is the interkinetic nuclear migration (INM) (Baye and Link, 2008; Miyata, 2008; Sauer, 1935) , which refers to the movement of progenitor nuclei between the apical and basal surfaces of the neuroepithelium in phase with their cell cycle. Studies in the developing chick CNS (Murciano et al., 2002) and zebrafish retina (Baye and Link, 2007; Del Bene et al., 2008) suggest that proliferative (self-renewing) versus neurogenic (differentiating) potential of radial glia progenitors is largely determined by their pattern of INM. In particular, Del Bene et al. (2008) proposes the presence of a Notch gradient between the apical and basal surfaces of the neuroepithelium, raising the possibility that extrinsic signals play a critical role in determining vertebrate progenitor selfrenewal or differentiation in a location-dependent manner.
Here, we carry out in vivo time-lapse imaging with single-cell resolution and perform clonal genetic mosaic analysis of individual radial glia lineages in the developing zebrafish brain. Our study uncovers a stereotyped pattern of asymmetric division that invariably generates a self-renewing daughter that migrates to a basal position and a differentiating sibling remaining at the apical position. We further reveal an asymmetry of Notch activity in paired daughters and show that Notch signaling between the daughters is critical for balancing self-renewal and differentiation. We also demonstrate that the ubiquitin E3 ligase Mind bomb (Mib), which promotes Notch signaling activity by modulating the endocytosis of Notch ligands (Itoh et al., 2003; Le Bras et al., 2011) , is unequally segregated to the apical daughter. This Mib localization is critically dependent on Partitioning defective protein-3 (Par-3), an evolutionarily conserved polarity regulator (Alexandre et al., Figure S1 and Movie S1.
2010; Etemad-Moghadam et al., 1995; Macara, 2004; von Trotha et al., 2006) . Par-3 acts through Mib to restrict high Notch activity to the basal daughter thereby limiting self-renewal. Together, this study reveals with single-cell resolution that asymmetrically dividing vertebrate neural progenitors balance self-renewal and differentiation through directional intralineage Notch signaling that is established by intrinsic cell polarity.
RESULTS

In Vivo Time-Lapse Imaging Delineates Progenitor Division Pattern and Fate
To learn about the in vivo behavior of radial glia progenitors, we performed brain ventricle-targeted electroporation (Dong et al., 2011) , which allowed for sparse labeling of individual progenitors in the developing zebrafish brain at $26 somite stage ($22 hr postfertilization [hpf]) ( Figure 1A ). Labeled embryos were subjected to time-lapse imaging for $26-48 hr, during which the labeled progenitor undergoes INM and generally completes two successive rounds of divisions, yielding clonally related cells, which we termed mother, daughter, and granddaughter ( Figure 1B ; see Figure S1 available online; Movie S1). The progenitor state was defined by distinct radial glia morphology and a lack of Elav/ Hu, a marker for postmitotic neurons (Kim et al., 1996; Mueller and Wullimann, 2002) . The neuronal state was deduced from the lack of radial glia morphology, and further verified by positive expression of Elav/Hu ( Figure 1B ). These analyses allowed us to establish lineage relationships and the daughter cell fate choice (i.e., to self-renew or commit to differentiation). We did not discern whether divisions that produced two postmitotic neurons were symmetric or asymmetric, given our focus on the fate choice between self-renewal and differentiation, and the lack of appropriate markers to follow neuronal subtype identity.
After conducting more than 50 independent experiments and following over 400 progenitor cells, we reconstructed 80 lineage trees. The analyzed mother cells were distributed around the forebrain ventricle, spreading along the dorsoventral and anteroposterior axes ( Figure 1C ). Of note, all progenitor divisions were observed at the apical surface, unlike the occurrence of divisions at both the apical surface and in the subventricular zone (SVZ) of the developing mammalian forebrain (Noctor et al., 2004) . Among the 80 mother cells analyzed, 30 cells divided in an asymmetric manner sensu stricto, giving rise to 1 progenitor and 1 neuron ( Figure 1D2 ). Remarkably, another 34 mother cells generate 2 differentially fated progenitor cells ( Figure 1D1 ). The rest (16 out of 80) divided symmetrically with respect to selfrenewal and differentiation, generating 2 differentiating progenitors (n = 6; Figure 1D3 ), 2 self-renewing progenitors (n = 4; Figure 1D4) , or 2 neurons (n = 6; Figure 1D5 ). This in vivo lineage analysis indicates that during active neurogenesis in the developing zebrafish forebrain, a majority of radial glia progenitors divide asymmetrically to produce both self-renewing and differentiating progeny, whereas a small proportion of radial glia divide to either self-renew or differentiate.
Clonal Analysis of Progenitor Behavior Reveals that the Self-Renewing Daughter Maintains a Basal Position Shortly after Birth and throughout INM To identify distinguishing features of the self-renewing versus differentiating progenitors, we analyzed multiple parameters of progenitor behavior, including their cell-cycle period, division orientation, apical to basal migration period, basal pause time, basal to apical migration period, and relative maximum basal migration (proportionate to the size of the germinal zone at a given location; see Experimental Procedures for details). We found that most of these parameters were highly heterogeneous spanning a broad range ( Figure S2 ), in agreement with a previous study in the retina (Baye and Link, 2007) . In addition to the heterogeneity of each parameter measured, a statistical correlation analysis did not detect any parameters that covaried with one another.
We then analyzed each parameter in two bins: one consisting of the self-renewing daughters and the other consisting of the differentiating daughters. Although most of the parameters did not differ significantly between the two bins, interestingly, the self-renewing daughters migrated to and maintained a more basal position (hence, termed the basal daughter in this study; see Figure 1B ) than their differentiating siblings (termed the apical daughter in this study; see Figure 1B ) when the maximum basal migration was assessed (Figure 2A ). Because our imaging analysis tracked clonally related cells with single-cell resolution, we were able to further examine the maximum basal migration in paired daughter progenitors derived from asymmetric divisions (n = 21; the maximum basal migration was not tracked in all lineages analyzed; see Experimental Procedures for details). The mother cells giving rise to these daughters were more or less randomly distributed around the forebrain ventricle ( Figure 2B ). This analysis revealed a striking correlation: in all 21 pairs of daughter progenitors, the self-renewing one always displayed more basal migration than the differentiating sibling ( Figure 2C ).
When we examined the cell positioning throughout the entire INM, we further noted that, shortly after the asymmetric division with a cleavage plane largely parallel to the apicobasal axis (see Figures S1 and S2 ), the two daughter cells assumed differential positions along the apicobasal axis. By carefully comparing each frame at 12 min imaging intervals, we were able to deduce that the distinct positioning of the two daughter cells was maintained throughout INM (n = 21) ( Figure S1 ). These results show that after asymmetric divisions, daughter cells assume differential positions along the apicobasal axis, and this position predicts the self-renewing versus differentiating fates: the basal daughter is the one that retains the ability to self-renew.
The Basal Daughter Displays Higher Notch Activity Than Its Apical Sibling
To determine why the basal daughter self-renews, whereas the apical sibling embarks on a differentiation path, we considered the Notch signaling pathway, the activation of which inhibits neurogenesis and maintains progenitor characteristics (Artavanis-Tsakonas et al., 1999; Gaiano et al., 2000; Louvi and Artavanis-Tsakonas, 2006; Mizutani et al., 2007; Yoon and Gaiano, 2005; Yoon et al., 2008) . Components of the Notch pathway, including the Notch ligands DeltaA (Dla) and DeltaD (Dld), the Notch receptors, and the primary target of activated Notch, Hairy related 4.1 (Her4.1, orthologous to mammalian hes5), are expressed in the developing brain (Thisse and Thisse, 2005) (Figure 3) . Notably, our expression analysis did not reveal a gradient pattern of Notch signaling in the developing brain, as what has been previously reported in the retina (Del Bene et al., 2008) . Instead, the expression of her4.1, as well as that of Notch receptor and ligands, displayed interspersed patterns in the germinal zone ( Figure 3 ).
To closely examine Notch activity in paired daughter cells, we sparsely labeled radial glia progenitors by brain ventricletargeted electroporation of GFP constructs at $22 hpf, and performed fluorescence in situ hybridization (FISH) for her4.1 coupled with immunostaining for GFP. Various developmental stages were examined, which covered different phases of the cell cycle and INM of the paired daughters. Quantitative analyses using MetaMorph software showed that majority of paired daughter cells (83%, n = 127) exhibited asymmetric her4.1 expression: it was always the basal daughter that exhibited higher her4.1 expression than its apical sibling ( Figures 4A-4E ). Scatterplot analysis showed that the remaining 17% paired daughter cells had approximately equal level of her4.1 expression between siblings ( Figure 4F ). The percentage of paired daughters with asymmetric her4.1 expression (83%) matched well with that of radial glia progenitors undergoing asymmetric divisions (clone types 1 and 2, 64 of 80; see Figure 1D) , suggesting that asymmetrically dividing radial glia progenitors generate daughter cells with asymmetric her4.1 expression. Additionally, another Notch target gene her15.1 (previously also called hes5) (Thisse and Thisse, 2005 ) also showed asymmetric expression in paired daughter cells ( Figures S3A-S3C ).
To address whether the asymmetry of her4.1 mRNA arose before, during, or after cell division, we performed FISH analysis on progenitors around the time of division and found her4.1 expression to be symmetric (Figures 4G-4J ; n = 21). We further carried out time-lapse imaging using the Notch activity reporter line her4.1:dRFP (Yeo et al., 2007) . We observed that the Notch activity was high and uniformly distributed in the mother progenitor before, during, and shortly after division. As the two daughter cells began to adopt a differential positioning along the apicobasal neural axis, Notch activity started to decrease in the apical daughter but remained high in the basal daughter (Figures 4K and S3D; Movie S2; n = 10). We did observe that some daughter cells of labeled progenitors (n = 3) had extremely low level of Notch activity that did not change over time, likely corresponding to symmetrically dividing progenitors. Together, these results reveal an asymmetric Notch activity in paired siblings and indicate that such asymmetry is not due to differential inheritance of her4.1 mRNA bur arises after asymmetric division and during the time when the two daughter cells assume differential positioning along the apicobasal neural axis.
The Apical Daughter Expresses
Higher Notch Ligand Than Its Basal Sibling Notch activity in a given cell is maintained through contact with ligand-expressing neighboring cells. Four genes in zebrafish encode Delta ligands, among which dla and dld are prominently expressed in the developing brain (Thisse and Thisse, 2005) (Figure 3) . After performing clonal analysis of dla expression in paired daughters, using the method similar to that implemented above to assess her4.1 expression, we found that, strikingly, in daughter cells with differential dla expression (81% of all dlaexpressing paired daughters examined, n = 124), the apical daughter always expressed a higher level of dla than its basal sibling ( Figures 5A-5F ). Dla expression around the time of division showed no asymmetry, indicating that the asymmetric dla expression is not due to differential inheritance of dla mRNA by the two daughter cells (Figures 5G-5J ). Dld also exhibited asymmetric expression in paired daughter cells ( Figure S4 ). Together, these results demonstrate an asymmetric distribution of Notch ligands in paired siblings that is not due to differential mRNA inheritance.
Intralineage Notch Signaling Is Essential for Maintaining Self-Renewal in the Basal Daughter Our observation that asymmetric division generates a basal selfrenewing daughter with higher Notch activity and apical differentiating daughter with higher Notch ligand expression prompted us to investigate whether Notch signaling operates within lineage to regulate daughter cells' decision to self-renew or differentiate. Although the classical mode of Notch signaling is lateral inhibition ( Figure 6A , left), which selects one cell from a group of equivalent precursors, Notch also plays a role in lineage decisions that make two daughter cells adopt different fates ( Figure 6A , right). Progenitors resided in the vertebrate neural tube are thought to signal via lateral inhibition (Pierfelice et al., 2011) , but a careful evaluation of literature finds little experimental evidence. Therefore, to explore the mode of Notch signaling in the self-renewal and differentiation of daughter cells derived from asymmetric division, we performed genetic mosaic experiments by transplanting cells deficient for dla activity into a wild-type host embryo at the blastula stage ( Figure 6B ) and analyzed four-cell clones at the pharyngula stage ($56 hpf) ( Figure 6C) . A wellestablished morpholino antisense oligonucleotide targeting dla (Diks et al., 2008; Latimer et al., 2002) was used to knock down dla activity ( Figure S5 ). The transplanted dla-deficient cells also expressed H2BmRFP (red, lineage tracer) and Hu:GFP (green, marking differentiated neurons) ( Figures 6B and 6C ). In the control group, most four-cell clones ($71%, n = 24) contained one progenitor and three nascent neurons ( Figure 6D , top panels, two representative clones are shown), hence representing granddaughters that were derived from one self-renewing daughter and one differentiating daughter ( Figure 6E , red bar). In contrast, most dla-deficient four-cell clones ($68%, n = 22) contained four neurons ( Figure 6D , bottom panels, two representative clones are shown). This difference between the control and the dla-deficient clones was highly significant (Figure 6E ), indicating that clonal inactivation of dla is sufficient to bias progenitors toward differentiation. If lateral inhibition were the mode of Notch signaling, one would have not expected a loss of self-renewing potential in dla-deficient clones, given the wild-type level of Notch ligands in the surrounding cells. Because Notch signaling failed to be rescued in the dla-deficient clones despite the presence of Notch ligands in the surrounding cells, we conclude that intralineage Notch signaling is the predominant if not the exclusive mode of action that maintains a balanced self-renewal and differentiation in daughter cells of asymmetric division during active neurogenesis in the zebrafish neural tube.
The Notch Signaling Activator Mib Is Unequally Segregated to the Apical Daughter in a Par-3-Dependent Manner
The results delineated above, together with the observed asymmetric expression of Notch signaling components in paired daughter cells, informed us that Notch signaling is not only intralineage but also directional. What is the mechanism that sets up the directionality of Notch signaling? Although the classical experiments in Drosophila have established a critical role of Numb in antagonizing Notch during neuroblast self-renewal and differentiation Spana and Doe, 1996) , the relationship between Numb and Notch in vertebrates has not been resolved (Li et al., 2003; Petersen et al., 2002) . To determine how the directionality of Notch signaling is established in our system, we turned to the Notch signaling regulator Mib as a potential candidate. Mib is an E3 ubiquitin ligase that promotes Notch signaling by modulating the endocytosis of Notch ligands, and consistent with its role in regulating Notch signaling, the loss of mib function dramatically increases neuronal differentiation at the expense of progenitor cells (Itoh et al., 2003; Koo et al., 2005; Yoon et al., 2008) . Together, these findings support the notion that Mib is a cell fate determinant that promotes Notch signaling and self-renewal.
The localization of Mib during asymmetric division is not known in any experimental system. To address this question in the absence of a working Mib antibody, we used a GFP-tagged full-length Mib (Mib-GFP), which allows examination of the in vivo dynamics of the Mib protein. Multiple-tagged forms of Mib (including GST-, Myc-, and FLAG-tagged versions) have been previously shown to be functional (Itoh et al., 2003) . Nevertheless, we first verified whether the Mib-GFP reflected the endogenous Mib distribution. When transiently expressed in zebrafish embryos through either DNA electroporation or mRNA microinjection, Mib-GFP displayed a punctate pattern that is located in the cytosol near the membrane as well as adjacent to the nucleus ( Figures 7A and 7B ), in agreement with its previously reported localization and function in endosomes (Itoh et al., 2003; Koo et al., 2005) . In addition we performed double labeling with antibodies against GFP and Dld at $24 hpf. Dld is expressed in the developing brain (Figure 3) , albeit less prominently than Dla, for which a workable antibody was not available despite much failed effort with the previously published antibody (Tallafuss et al., 2009 ). This analysis showed that the Mib-GFP signal was colocalized with Dld ( Figure 7C ), although an exact colocalization was not expected due to the transient nature of Mib-GFP expression and the presence of other Notch ligands in the brain. Together, these results suggest that Mib-GFP reflects the endogenous Mib distribution pattern.
Next, we analyzed the Mib-GFP distribution in paired daughter cells. Coelectroporation of a red fluorescent lineage tracer together with the Mib-GFP construct at $22 hpf and analysis of paired daughters at $37 hpf showed that Mib-GFP was exclusively detected in the apical daughter in 85% paired daughter cells analyzed (n = 26) ( Figure 7D ). This observed percentage is consistent with the idea that Mib asymmetry is likely present in both clone type 1 and 2 (as shown in Figure 1D ). In addition the Mib asymmetry appeared to be stably maintained during INM ( Figure S6 ).
The unequal segregation of Mib-GFP into the apical daughter made us wonder whether it is dependent on the conserved intrinsic polarity regulator Par-3 because Par-3 has been found asymmetrically localized to the apical domain of dividing neural progenitors in zebrafish (Alexandre et al., 2010; von Trotha et al., 2006) . We analyzed paired daughters in the embryos injected with a well-established morpholino antisense oligonucleotide targeting par-3 (referred to as the par-3 morphant) (Alexandre et al., 2010; Tawk et al., 2007) . As expected, the par-3 morphants in our experiments displayed a loss of apicobasal cell polarity and suffered a mild defect in brain morphology at 37 hpf ( Figures S7A-S7I ). In the par-3 morphant, Mib-GFP was detected in both daughter cells (91%, n = 23 pairs of daughter cells analyzed) ( Figures 7E and S6) .
To determine the onset of Mib-GFP localization in paired daughters, we carried out time-lapse imaging. The segregation of Mib-GFP into the apical daughter was apparent at the time of birth ( Figure 7F ; Movie S3; $24 min). However, in the par-3 morphant, Mib-GFP was present in both the apical and basal daughter at the time of their birth ( Figure 7G ; Movie S4; $18 min). Together, these results suggest that Mib is unequally segregated into the apical daughter upon asymmetric division in a Par-3-dependent manner, and such asymmetry is maintained in the daughter cells.
Par-3 Is Essential to Restrict Notch Activity and Self-Renewal to the Basal Daughter through Mib
In agreement with the disrupted Mib localization in the par-3 morphant, we found that the asymmetry of both her4.1 Mib mislocalization and lost asymmetry of Notch signaling components in par-3 morphants could result in either increased or diminished Notch activity in both daughter cells, which would in turn impact progenitor fate choice differently. To determine how Notch activity and cell fate might be affected in par-3-deficient embryos, we first analyzed the overall expression level of her4.1, dla, and the pan-neuronal marker Hu. These analyses showed that her4.1 expression (Figures 8G  and 8H ; 88%, n = 16) was increased, whereas neuronal numbers (Figures 8I and 8J ; 83%, n = 18) were decreased in the par-3 morphant. In contrast the expression of dla was not changed significantly (Figures 8K and 8L; 100%, n = 15) . This is surprising, given the increase of her4.1 expression and the known negative feedback regulation of Notch ligands by hes/her genes. Quantitative reverse-transcription PCR analysis further confirmed the significant upregulation of her4.1 (and her6) mRNA expression, whereas the mRNA levels of dla, dld, notch1a, and notch1b were unchanged ( Figure 8M) (Table  S1 ). Thus, par-3 function is essential to restrict Notch activity, and is somehow also required for the feedback repression of Notch ligand expression.
To understand the nature of these par-3 functions, we asked whether they are dependent on mib. In the mib À/À mutant, consistent with the disruption of Notch signaling, her4.1 expression was significantly reduced (Figures S7J and  S7K ). The par-3 and mib double-deficient embryos also showed reduced her4.1 expression ( Figure S7M ) that was indistinguishable from the mib À/À single mutant ( Figure S7K ). This result indicates that Par-3 restricts Notch activity through Mib. Figures S7N and S7O ) as well as in the par-3 and mib doubledeficient embryos ( Figure S7Q ). This finding indicates that intact Mib activity is critical for the manifestation of negative feedback regulation of Notch ligand expression, possibly due to the effect of Mib on regulating Notch ligand protein turnover that also impacts transcription, albeit in an opposing way. To further determine whether par-3 acts to limit self-renewal, we performed genetic mosaic experiments by transplanting par-3-deficient cells into wild-type host embryos, as we have done previously with the analysis of dla ( Figure 6B ). This clonal analysis of par-3 function showed that par-3-deficient four-cell clones had a greater propensity ($61%, n = 23) to contain two progenitors and two neurons ( Figures 8O and 8R, purple bar) . Moreover, some par-3-deficient four-cell clones contained all four progenitors (8.7%, n = 23), which were never observed in the control group ( Figures 8P-8R, black bar) . This clonal analysis indicates that par-3 is essential to limit self-renewal within asymmetrically dividing radial glia lineages.
DISCUSSION
In the present study we have carried out in vivo time-lapse imaging and genetic mosaic analysis, both at single-cell resolution in an intact vertebrate brain. We show that radial glia progenitors divide predominantly in an asymmetric fashion in the developing zebrafish brain during active neurogenesis. Such asymmetric division invariably generates basal self-renewing and apical differentiating daughters. The basal daughter maintains higher Notch activity, whereas the apical sibling expresses higher Notch ligand. We further establish that intralineage Notch signaling is critical for maintaining self-renewal in the basal daughter. Finally, we demonstrate that the directionality of Notch signaling is established through Par-3-dependent asymmetric localization of Mib to the apical daughter ( Figure 8S ).
Radial Glia Progenitor Behavior Revealed by In Vivo Time-Lapse Imaging
Direct observation of cellular behavior in its native environment is a powerful approach to gain new biological insights. Our work has extended previous time-lapse imaging studies in vitro in mammalian cultured cells (Temple, 1989) and cortical slices (Chenn and McConnell, 1995; Miyata et al., 2001; Noctor et al., 2004) as well as in vivo in zebrafish brains (Alexandre et al., 2010) in important ways. First, through imaging clonally labeled progenitors for two rounds of cell divisions, we are able to construct lineages spanning three generations (mother, daughter, and granddaughter) that have uncovered five clonal types. In agreement with the mammalian cortical slice study (Noctor et al., 2004) , we find that a majority ($80%) of progenitors divide asymmetrically, half of which generate two differentially fated progenitors (clone type 1), whereas the other half generates a progenitor and a neuron (clone type 2). What mechanisms differentiate clone type 1 versus 2 is an interesting and unresolved question. It is possible that the difference in the absolute Notch activity level may underlie the difference in these two lineages. Future experiments are needed to test this idea, together with determining what makes a cell decide to choose any one of the five lineages and whether other types of more rare lineages exist.
Second, analysis of INM and the relative positioning of daughter cells in conjunction with their fate has allowed us to her4.1, her6, dla, dld, notch1a , and notch1b in control versus par-3 morphants. *p < 0.05, **p < 0.01, versus Ctrl MO. discern that the paired daughters assume a differential positioning along the apicobasal neural axis shortly after asymmetric division. This differential position is maintained throughout INM, with the apical daughter taking on a differentiation path, whereas the basal sibling remaining as a progenitor. In agreement with our results, a recent study in zebrafish, which has examined the asymmetric division that produces one progenitor and one neuron, also finds that the apical daughter inheriting the Par-3-expressing apical domain usually becomes a neuron, whereas the basal daughter inheriting the basal process remains a progenitor (Alexandre et al., 2010) . In contrast, previous studies in the mammalian brain show that the apical daughter remains a progenitor, whereas the daughter inheriting the basal process becomes a neuron (Chenn and McConnell, 1995; Miyata et al., 2001) . What accounts for these opposite observations is not entirely clear, but possibilities include differences in timing, tissue region under study, or species. Nevertheless, results from zebrafish (Alexandre et al., 2010 ; present study) indicate that the notion of the presence of ''stemness'' factors in the apical domain (Gö tz and Huttner, 2005; Kosodo et al., 2004) is not universally true.
Notch Asymmetry in Daughter Cells of Asymmetric Division
The apical domain and the basal process have been used as convenient morphological marks for correlating with self-renewing or differentiating fates (Gö tz and Huttner, 2005) . How they might actually determine progenitor fate choice is not clear. We show that Notch signaling components are expressed asymmetrically in daughters of asymmetric division, with the apical daughter expressing higher level of Notch ligands and the basal daughter exhibiting higher Notch activity. The time-lapse imaging using the Notch activity reporter further reveals that such asymmetry is not due to asymmetric inheritance of mRNAs but arises after asymmetric division, concurrently with the appearance of differential daughter cell positioning along the apicobasal neural axis. During INM the two daughter cells appear to maintain a direct contact, raising the possibility that they interact through Notch signaling at their interface. It will be interesting to determine whether the Notch ligand or the receptor is concentrated at this interface.
Asymmetric inheritance of Notch1 immunoreactivity by the basal daughter (albeit a neuron) is previously reported in the developing ferret cortex (Chenn and McConnell, 1995) . Additionally, at population levels, it has been observed that neural stem cells have higher Notch reporter activity than intermediate progenitors of the developing mouse telencephalon (Mizutani et al., 2007) . Collectively, the Notch asymmetry in daughter cells of asymmetric division observed in the present study may be a conserved phenomenon in vertebrates.
Intralineage Notch Signaling Regulates Self-Renewal and Differentiation in Daughter Cells of Asymmetric Division The mode of Notch signaling has been studied in many cellular contexts (Bray, 1998) . The classical lateral inhibition is demonstrated in Drosophila neuroblast delamination (Bourouis et al., 1989) and vertebrate primary neurogenesis at the neural plate stage (Chitnis et al., 1995) . In both cases, cells of distinct fates are selected from a field of equi-potent cells. In addition to lateral inhibition, Notch signaling can also act in a binary mode to influence lineage decisions. Studies in Drosophila have established an important role of Numb in antagonizing Notch signaling during neuroblast lineage decisions; however, the source of Notch ligand (i.e., whether it is from intralineage or elsewhere) is not known.
The mode of Notch signaling during active neurogenesis in the vertebrate neural tube has not been resolved. The present study, to our knowledge, is the first to combine in vivo time-lapse imaging and lineage-restricted genetic mosaic analysis to show that asymmetrically dividing radial glial progenitors in the developing zebrafish brain segregate self-renewal and differentiation through intralineage Notch signaling.
It is worth pointing out that our present study is focused on neural progenitor cells that undergo asymmetric divisions. It remains to be determined whether and how Notch signaling operates in lineages that undergo symmetric divisions or at different stages of neural tube development, and whether intralineage Notch signaling occurs in asymmetrically dividing progenitors of other vertebrate systems. Interestingly, a recent study (Shitamukai et al., 2011) reveals that clonal Notch signaling is essential for the outer VZ progenitors to self-renew in the developing mouse neocortex, which indicates that intralineage Notch signaling may be a shared mechanism for maintaining neural progenitor self-renewal in vertebrates.
Role of Par-3 and Mib in Establishing the Directionality of Notch Signaling in Daughter Cells of Asymmetric Division
In Drosophila neural progenitors, multiple cell fate determinants including Brat (Betschinger et al., 2006) , Neuralized (Le Borgne and Schweisguth, 2003) , Numb (Rhyu et al., 1994) , and Prospero (Hirata et al., 1995; Knoblich et al., 1995; Spana and Doe, 1995) are asymmetrically localized in mitotic progenitors and unequally inherited by the two daughter cells. Importantly, the asymmetric inheritance of Numb biases Notch in Drosophila neuroblast lineages . However, it is not known whether Numb has a role in regulating Notch signaling in the vertebrate brain. Studies have shown polarized distribution of Numb in the basolateral domain of mitotic neural progenitors in both zebrafish and mice and at the adherens junctions of (N-R) Transplantation similar to that described in Figure 5B was carried out. Representative image of four-cell clones derived from control (N) or par-3 morphants (O-Q) in otherwise wild-type brains. In control the single clone is composed of one progenitor (red) and three neurons (green), whereas par-3-deficient clones contained fewer neurons (green) and more progenitors (red). mammalian interphase radial glia (Rasin et al., 2007; Reugels et al., 2006) .
Our results establish Mib as a cell fate determinant that is unequally inherited by the apical daughter of asymmetric division. We further show that the intrinsic polarity regulator Par-3 is required to segregate Mib to the apical daughter. How might this occur? Although it is possible that Par-3 may directly interact with Mib, a previous study has reported that Par-1, a conserved protein kinase that regulates asymmetric division and is localized in a complementary manner to Par-3 , can phosphorylate Mib, leading to its degradation (Ossipova et al., 2009 ). Based on these findings, it is possible that Par-1 protein or activity is enriched in the basal daughter, where it acts to phosphorylate Mib and cause its degradation.
Our loss-of-function studies at both population and clonal levels reveal that Par-3 is required to restrict Notch activity to the basal daughter, thereby limiting progenitor self-renewal. A repressive role of Par-3 on self-renewal is in agreement with previous studies in the developing zebrafish (Alexandre et al., 2010) and the mammalian mammary gland (McCaffrey and Macara, 2009 ). However, in the developing mammalian cortex, Par-3 is found to promote radial glia self-renewal by promoting Notch activity (Bultje et al., 2009; Costa et al., 2008) . Tissue-, species-, or temporally specific functions of these factors may account for these different observations.
In conclusion the present findings exemplify the importance of single-cell imaging analysis in a native environment for understanding how self-renewal and differentiation are regulated in vertebrate neural development. Although our findings elucidate the significance of intrinsic polarity-established directional intralineage Notch signaling in balancing self-renewal and differentiation, extrinsic regulation may play roles in establishing and maintaining the intrinsic polarity, as well as to coordinate different cell lineages in order to generate appropriate neuronal types in a spatially and temporally regulated manner.
EXPERIMENTAL PROCEDURES Zebrafish Strains
Wild-type embryos were obtained from natural spawning of AB adults, and raised according to Kimmel et al. (1995) . The following zebrafish mutants and transgenic lines were used: mib ta52b (Itoh et al., 2003) , Hu:GFP (Park et al., 2000) . The animal use has been approved by the institutional review board at the University of California, San Francisco.
DNA Plasmid Cloning
The Cla I-BamH I fragment of mib and BamH I-Xba I fragment of gfp were isolated, and inserted between the Cla I-Xba I sites of the pCS2 to create pCS2-mib-GFP. The Xho I-Not I fragment of H2B-mRFP was isolated from plasmid pCS-H2B-mRFP (Megason and Fraser, 2003) and inserted between the EcoR INot I sites of the Puas-E1b-EGFP to create Puas-E1b-H2B-mRFP.
Electroporation
Electroporation and sparse labeling of neural progenitor cells in zebrafish embryos were performed as previously described in Dong et al. (2011). Plasmid DNAs (e.g., Pef1a-gal4; Puas-E1b-EGFP; Puas-E1b-H2b:mRFP) were mixed and microinjected into the forebrain or hindbrain ventricles at a final concentration of 500 ng/ml for each plasmid. Electroporated embryos were then released from the agarose and transferred to a fresh dish of embryonic medium containing 0.003% PTU and incubated at 28.5 C.
Time-Lapse In Vivo Imaging
Embryos with sparse labeling of radial glia progenitors were imaged on the temperature-controlled (28.5 C) stage of a confocal microscope (Nikon C1 spectral confocal microscope with up-right objectives). One group was imaged every 8 hr for 48 hr to examine cell fate and lineage. The second group was imaged for 26-32 hr with a fixed 12 min interval. For the second group the parameters of confocal imaging were determined to be sufficient to capture the INM for each cell, while reducing photobleaching during the extended imaging period. Data from both groups contributed to Figures 1C and 1D , whereas only data from the second group contributed to Figure 2 . For the analysis of Mib-GFP segregation in paired daughter cells, electroporated embryos are embedded and imaged using the same method as described above except the interval of time lapse is 6 min. For the analysis of Notch activity in paired daughter cells using her4.1:dRFP transgenic fish, we electroporated the GFP reporter plasmid into the hindbrain region to label individual radial glia progenitors because this transgenic line is reported to better recapitulate Notch activity in the hindbrain than in the forebrain (Yeo et al., 2007) . Electroporated embryos are embedded and imaged using the same method as described above except that the interval of time lapse is 10 min.
Cell Transplantation
Blastomere transplantation was performed as previously described in Ho and Kane (1990) . The Hu:GFP + donor embryos were injected at the one-cell stage with the morpholino antisense oligonucleotides against dla (or par-3) and the H2BmRFP sense RNA serving as a lineage tracer. At 3-4 hpf stage (1-k cell to sphere), 10-20 donor cells were transplanted to the animal-pole region of similarly staged wild-type hosts.
Morpholino Oligonucleotides and mRNA Injection
Morpholino and mRNA injections were performed at the one-cell stage. The following gene-specific morpholinos were used in this study: dla MO (5 0 -CTTCTCTTTTCGCCGACTGATTCAT-3 0 ) (Latimer et al., 2002) , par-3 MO (5 0 -TCAAAGGCTCCCGTGCTCTGGTGTC-3 0 ) (Echeverri and Oates, 2007) .
Approximately 1 pmol of dla morpholino or 0.35 pmol of par3 MO was injected at the one-cell stage per embryo. H2BmRFP 5 0 -capped sense mRNA was synthesized by SP6 transcription from NotI-linearized plasmid by using the mMESSAGE mMACHINE kit (Ambion). Approximately 4 nl mRNA at 100 ng/ ml was injected per embryo.
In Situ Hybridization and Immunohistochemistry
In situ hybridization and immunohistochemistry were performed on wholemount embryos as described in Guo et al. (1999) and imaged with a Nikon C1 confocal. The following antibodies were used in immunohistochemistry: chicken anti-GFP (Abcam), rabbit anti-b-catenin (Invitrogen), mouse anti-Hu (Molecular Probes), mouse anti-Dlc and mouse anti-Dld (Leslie et al., 2007) , and rabbit anti-aPKC (Santa Cruz Biotechnology).
Measurement and Analysis of Gene Expression Level
Expression levels of her4.1, her15.1, dla, and dld were examined by FISH, followed by quantitative analysis using MetaMorph Imaging software (Universal Imaging, Philadelphia). The relative integrated density is calculated as the ratio of the integrated density in each daughter cell to the sum of the integrated density of both daughter cells. Quantitative reverse-transcription PCR analysis was carried out as previously described in Chen et al. (2009) .
Statistical Analysis
Statistical significance was confirmed by t test or z test comparison of mean values obtained from each experimental condition. All data are presented as mean ± SEM: * p < 0.05, ** p < 0.01, *** p < 0.001.
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